a Nanopore pyrolytic graphite coatings (PyC, average pore size $64 nm) were prepared on graphite to inhibit liquid fluoride salt and Xe 135 penetration. The samples were irradiated with 7 MeV Xe 26+ to a total peak dose of 0.1, 0.5, 2.5 and 5.0 displacements per atom at room temperature to study the irradiation resistance of the PyC. The effect of irradiation on the properties of the graphite was evaluated. With the increase of irradiation dose, the surface morphology of the coatings tends to be smoother. At the total peak dose of 2.5 dpa, peeling and spalling on the surface of the samples have been identified, indicating the surface microstructure of the graphite has been damaged by Xe 26+ bombardment. Raman results indicated the increase in the degree of disorder and decrease of in-plane crystallite size with the irradiation dose, and the new PyC was more sensitive to irradiation than IG-110 graphite. The nanohardness at peak dose increased with the irradiation dose, but decreased at 2.5 dpa. The results of a hardness test also show PyC has a higher irradiation sensitivity.
Introduction
Nuclear graphite is widely used as a moderator, reector and core supporting structure in nuclear reactors, however, in the molten salt nuclear reactor (MSR), one of the six Generation IV reactors, traditional nuclear graphite faces a molten salt impregnation problem. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Studies at the Oak Ridge National Laboratory have shown that if the pore size of graphite is greater than 1 micron, the molten salt will penetrate into the graphite and produce local high temperatures quickly damaging the graphite. 5 In addition, ssion product gases (mainly 135 Xebased) affect the performance of graphite as a moderator, so the pores of graphite must also be kept below 100 nm to prevent ssion products from diffusing into the graphite. Nanopore pyrolytic graphite coating (PyC) deposited on hot substrates has been extensively adopted for high temperature gas cooled reactors, and is one of the four different options listed as possible choices by Oak Ridge National Laboratory and MSR for inhibition of Xe 135 and molten salts penetration. Compact PyC was prepared by uidized bed or xed bed technology and adopted as a long-term development program using methane as precursor at a high temperature of 1800 C and low pressure of $270 Pa in a vacuum induction furnace. 3, [9] [10] [11] [16] [17] [18] Although PyC meets the MSR requirements for graphite pore size, the relevant data related to its irradiation is not available, and it is not certain whether PyC can tolerate the irradiation environment in the reactor. Therefore, it is necessary to prove whether PyC can be used as a candidate for suitable nuclear graphite in MSR. In this paper, IG-110 (as one of the radiationresistant and commercially available nuclear graphite 19 ) as a control, the characterization of PyC before and aer irradiation visually reects the degree of damage caused by irradiation at different doses, and then study the irradiation performance of PyC compared with IG-110. Our research helps to select a suitable candidate for protection layer toward ssion gas in MSR and contributes to a better understanding of the mechanisms associated with permeability. In this case, the use of the charged-particle irradiation can be useful tool for simulation and estimation of neutron radiation damage, and to compare the irradiation effects of the candidate grades in the same irradiation conditions for the purpose of a selection.
20,21
Recently, studies on the effects of g-ray irradiation on the structure and mechanical properties of carbon bers, 22, 23 multiwalled nanotubes 24 and graphite oxide, 25 and the synthesis of three-dimensional graphene/polyacrylamide/multi-walled carbon nanotubes architectures by g-ray irradiation 26 have been reported. It was also reported that structural changes of graphene oxide caused by an electron beam, 27 nuclear graphite was irradiated with H + and C +20,28 and nanopore-isotropic graphite produced from mesocarbon microbeads was irradiated with Xe 26+ . 29 However, there were no status of research about the characterization of coatings for molten salt nuclear reactor, and the microstructure and property relation in irradiated PyC are poorly understood.
In this paper, PyC and traditional nuclear graphite IG-110 (Toyo Tanso Co., Kagawa, Japan) 9 were irradiated with 7 MeV Xe 26+ to a total peak dose of 0.1, 0.5, 2.5 and 5.0 displacements per atom (dpa) at room temperature to study how the properties and defect changes. The surface morphology was studied by scanning electron microscopy (SEM). Transmission electron microscopy (TEM), Raman spectroscopy, X-ray diffraction (XRD) and selected area electron diffraction (SAED) were used to show the microstructure and crystal structure. Hardness and Young's modulus determined by nanoindenter have performed to identify the changes in the mechanical property of the coatings aer irradiation.
Experimental

Specimen preparation and irradiation conditions
Nanopore PyC (average pore size $64 nm) was prepared by deposition on a IG-110 graphite substrate by a chemical vapor deposition apparatus (vacuum induction furnace), using methane as a precursor and argon as a diluent gas at 1800 C.
The ow rates of methane and argon are 0.25 and 0.60 m 3 h À1 , respectively, and the working pressure was $2 torr. 11 The physical properties of the materials are shown in Table 1 
Characterizations
Scanning electron microscopy (SEM, LEO 1530VP) was used to monitor the change in the morphological structure of the graphite samples, and their structure before and aer irradiation was measured with a Bruker D8 Advance XRD with Cu Ka1 radiation source (l ¼ 1.5406Å) conditioned by two 2. 
Results and discussion
Crystal structure
XRD is an effective tool to determine the graphite crystal structure and parameters that affect its performance in nuclear applications. [31] [32] [33] [34] In our previous study, the diffraction peaks of PyC are broader than their IG-110 counterparts, and the center of the (002) peak is displaced and the angle becomes smaller, which demonstrates that the PyC has a lower degree of 
Morphology changes
3.2.1 Changes of surface morphology. Fig. 3 is the eld-emission SEM micrographs of cleaned samples, showing the surface morphology changes of the PyC aer different irradiation dose, with IG-110 nuclear graphite as a comparison. The IG-110 graphite is not t for MSR for the pores are generally larger than 1 mm, which could lead to molten salt impregnation and gas diffusion. 9 The surface morphology of PyC is pretty uniform and dense, which consists of ne grains with the size about 0.5-3 mm, and it is the typical characteristics of pyrolytic carbon growth cone appearance. SEM micrographs show few aws or cracks on the surface of the coatings and it has good sealing effect to protect the nuclear graphite against the permeation of molten uoride salts and the diffusion of ssion gases.
35 Fig. 3a-d show the graphite surface becoming smoother with the increase of irradiation dose. This kind of changes has been found in other pyrolytic carbon materials aer irradiation. 36, 37 At the surface dose of 0.55 dpa, the PyC surface was peeled off from the graphite surface. The peeled coatings become so smooth that the edge of the two parts cannot be identied. At the surface dose of 1.1 dpa, there are no visible typical pyrolytic carbon spherical caps on the surface of the peeling part. However, there is no peeling for the surface of IG-110, and it tends to be smoother aer different dose irradiation. It is speculated that high ion dose of 129 Xe 26+ in our work may be responsible for the evolution of morphological differences. 3.2.2 TEM microstructure analysis. Raman spectroscopic analysis (in the next section) showed that the surface doses of 0.11 dpa and 0.55 dpa were the doses at which the PyC and IG-110 Raman spectra reached saturation or supersaturation, respectively. In order to more clearly compare the degree of damage of PyC and IG-110 and the difference in radiation resistance, irradiated samples at the surface irradiation dose of 0.11 and 0.55 dpa were used for TEM characterization. SEM microscopy on the cross-section of PyC and graphite matrix interface exhibits a wave-like layered structure with 20 mm in thickness based on IG-110 as shown in Fig. 4a . High resolution TEM (HRTEM) image shows that the structure of PyC is turbostratic aromatic layer. There are numerous cracks in IG-110, while there is no crack observed at the coating interfaces as TEM microscopy on cross-sections shown in Fig. 4b . The graphite layers of the PyC are stacked one above the other with a rotational disorder. Dense microstructure with the layer tightly bonding together inhibits the gas penetration of graphite, which performs well in the protection of nuclear graphite. Fig. 4c and d are respectively the bright and dark eld HRTEM images of coatings on the graphite matrix. As to the graphite coatings, most smooth laminar structure exists in the initial graphite surface during the deposition process, which uctuates greatly with various shapes of different grain size and orientation as shown in Fig. 4d . And the crystal structure of the coatings is relatively more disorder. While rough laminar structure coatings exist in the surface area formed during the later period, and the wave-like layered structure are relatively smoother. The order of crystal structure is better than the smooth laminar as shown in Fig. 4d . The irradiation induced microstructure changes have a profound impact on the physical properties such as the Young's modulus, fracture strength, electrical and thermal conductivity of the graphite.
38,39 SAED and HRTEM were used in different irradiation dose of 0.11 and 0.55 dpa to get the microstructure evolution information with the increase of irradiation dose. Fig. 5 shows the structure change of the coating on the graphite irradiated at about 0.11 dpa. Bright and dark TEM elds show the different contrast between the areas before and aer irradiation. Dark eld TEM can give better evidence for material with orientation. In the dark eld TEM image (Fig. 5b) , bright area of PyC has a (002) preferred orientation, hole and the disordered carbon part is black. Bright-eld image (Fig. 5c) shows the cone pyrolytic carbon coating structure. Combining with Fig. 5a-c, a 3 mm irradiated blurred layer could be identied. The ion irradiation made the PyC particle boundary become smooth. Fig. 5d is the selected area diffraction of TEM for the irradiated area on the samples. The SAED map is blurry, which related to the disorder caused by irradiation. In order to observe the defects along with the change of the depth caused by irradiation, Fig. 5e and f respectively shows the HRTEM of the area on the surface and the irradiation area inner the irradiated layers at the surface dose of 0.11 dpa, indicating the bending and dislocation increased signicantly compared with the unirradiated samples. The result is similar to the in situ electron beam irradiation. The smaller crystallite size and more dislocation in the inner part indicate more serious damage caused by irradiation than on the surface of the coatings, which is consistent with SRIM simulation. Fig. 5g and h are the graphite and PyC coating interface magnication images, respectively. The dark-eld TEM image (Fig. 5g) shows the original texture structure has been damaged and the corresponding bright-eld TEM image (Fig. 5h) shows the texture is smooth.
TEM microscopy on the cross-section of PyC at the surface dose of 0.55 dpa has been shown in Fig. 6 . The implanted energy is 320 kV and the 3 mm irradiation blurred layer as mentioned above at 0.11 dpa has also be detected. As shown in the TEM image in Fig. 6b , the dark-eld TEM image shows the original texture structure was damaged. The corresponding bright-eld TEM image (Fig. 6c) shows the texture is smoother than the sample irradiated at 0.11 dpa. The SAED indicates the disorder has increased due to the irradiation and the irradiated area have become sharply blurred since the particulate matter tends to become round as Fig. 6d shows. Fig. 6e and f are respectively the HRTEM of the area on the surface and in the inner part of the irradiated layers, which shows the bending and dislocation signicantly increased compared to the 0.11 dpa doss irradiated samples. HRTEM images recorded from the inner part of the irradiated layers shows smaller crystallite size and more dislocation as shown in Fig. 6f . It shows that irradiation in the inner part is more serious than the surface layer, which is consistent with SRIM simulation at 0.11 dpa. carbon networks and is inherent in graphite. 40, 41 The D mode is associated with the double-resonant Raman scattering involving the spatial disorder, electrons and TO phonons near the K point of Brillouin zone, and is a sign of the presence of many defects. 42 As respectively shown in Fig. 7a and a 1 , the similar prole exists in the Raman spectra of unimplanted PyC coating and IG-110 graphite, and it also shows more defects exist in IG-110 graphitic structure compared with that in PyC coatings. 43 Aer Xe 26+ ion implantation, the intensity of D peak in the PyC Raman spectrum increases rapidly at the begining, as shown in Fig. 7b and b 1 , which differs from IG-110 graphite. In the Raman spectrum of PyC, the full width at half maximum (FWHM) of both D and G peaks gradually increased and caused the spectrum is asymmetric with a broad shape and both distinguishable main peaks overlap each other indistinguishably, with increasing of irradiation dose. While, all of the changes have stopped at 0.55 dpa and nearly kept the same shape under the higher dose. Although a similar growing trends of FWHM with irradiation dose also appears in the Raman spectrum of IG-110 graphite, changes in the former are more sensitive to the increase of irradiation dose. This is a reected in the slower change in the later and the greater dose (1.25 dpa) that keep the graph constant, as shown in Fig. 5 . With the increase of irradiation dose, the coatings were peeled off from the graphite matrix at 0.55 dpa as the SEM shown, so there are no obvious change that could be detected in the Raman spectrum even up to 1.25 dpa. It also can explain why Fig. 7c is similar with Fig. 7e 1 . The phenomenon indicates the PyC showed higher irradiation sensitivity for the change in crystallinity than that of IG-110. Meanwhile it also suggests that the irradiation of heavy ion (Xe 26+ ion) can bring on a more serious irradiation damage compared with that of light ions, e.g., N + ion 44 and C + ion.
Raman spectroscopic analysis
45
Aer the analyzation of multicomponent spectral, there are two additional new peaks around 1150 (v 1 peak) and 1500 cm À1 (v 2 peak), in addition to two well-known peaks (G and D peak). Following the work of Ferrari and Robertson, the ratio of the D and G band intensities (I D /I G ) is inversely proportional to the inplane crystallite sizes L a and it will increase with increasing disorder. 46, 47 The I D /I G presents an upward trend with the increasing of irradiation dose, as shown in Fig. 7 , implying the increase of defects and the decreasing for the degree of in-plane order in the graphitic structure. 42 The crystallite sizes of the PyC surface are estimated to be decreased from 12.01 to 3.76 nm, caused by the surface irradiation of 0.02 dpa, and then decreased to 3.59 at 0.11dpa surface irradiation.
According to the conclusion reached by Ferrari et al. and it has been widely accepted now that v 1 and v 2 peaks are companion modes as-signed to trans-polyacetylene (trans-PA) lying in grain boundaries. 48 Noticeably, it can be seen from Fig. 8a that the trans-PA indeed exists in our non-implanted specimen. Subsequently, implanted by a low irradiation dose of 0.11 dpa, the ratio of I v 1 /I G and I v 2 /I G increase obviously and then nearly reach saturation point, seen in Fig. 5 . The increase of I v 1 /I G and I v 2 /I G is caused by the enabling environment of C]C chain stretching and C-H wagging modes generated by ion implantation. 49 Parallel evolution rule of the relative intensity of v 1 and v 2 modes with the increasing irradiation dose also appeared in other PyC system. 44 With growing irradiation damage dose up to 0.55dpa, the threshold of hydrogen content in PyC specimens contributes to the saturation of I v 1 /I G and I v 2 / I G , due to the close connection between the v 1 and v 2 modes of trans-PA and the existence of hydrogen.
49 I v 1 /I G and I v 2 /I G in PyC in IG-110 is much smaller than that in PyC, so it can be estimated that there would be more hydrogen in PyC. 
Irradiation effect on mechanical properties
Fig . 9 shows the dependence of hardness and Young's modulus versus the penetration depth. The penetration depth of the indenter was 3 mm, and the data points were averaged from the results of 20 tests. The error bar of the data was the standard deviation of the distribution of 20 tests. Before the irradiation (the purple red line in Fig. 9a ), the hardness and Young's modulus remained constant from 2 to 3 mm. Fig. 9a shows that the average hardness of PyC increased aer the irradiation. At the peak dose of 0.5 dpa irradiation (blue line), the hardness of PyC quickly increased and reached the highest value as shown in Fig. 9a , the hardness (400-900) reach ve times of the original samples and the hardness (2400-2900) reach 1.75 times compared to the original samples. The hardness increased to the original value and was consistent with the results obtained from the neutron irradiation experiments, indicating an obvious irradiation-hardening phenomenon. At the peak dose of 5 dpa, the hardness decreased quickly to about two times of the original, maybe it count to the pealing of the coatings, and SEM micrographs provide the evidence in Fig. 3e . The mechanical property increase is presumably caused by pinning of the basal plane dislocations as observed in single crystals. In un-irradiated specimens, a high density of basal dislocation is generally found. The effect of irradiation is to increase dislocations and point defects as shown in Fig. 5 . The explanation of the elastic modulus enhancement given by Kelly is that irradiation introduces point defects that pin dislocations. The rapid accumulation of the interstitial defects from the Raman results and the increase in basal plane dislocations observed by the TEM images aer the irradiation supports Kelly's explanation.
Conclusions
Nanopores PyC was prepared and has been irradiated with 7 MeV Xe 26+ compared with IG-110 graphite. Raman results revealed a signicant increase of I D /I G ratio aer Xe implantation, predicting the increase in disorder near the surface. The increase in disorder is also conrmed by TEM. Such sections allow the imaging of a gradient of structural changes from virgin graphite up to a highly disordered carbon near the surface, and the images show a strong decrease of the crystallite size. The IG-110 experienced a larger decrease in the crystallite size and the PyC showed higher irradiation sensitivity for the crystallinity change. At the total peak dose of 2.5 dpa, a peeling and spalling phenomenon appeared on the PyC, indicating the surface microstructure of the graphite damaged by Xe 26+ bombardment and the new PyC also shows higher irradiation sensitivity than that of IG-110. The results of hardness test also show higher irradiation sensitivity for the PyC. Although PyC has good sealing properties, it is more sensitive to irradiation than IG-110 and cannot tolerate the irradiation compared to the IG-110 graphite, and is not the best choice for sealing the nuclear graphite for MSR.
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